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HYPERSENSITIVITY	TO	THERMAL	STIMULI	IN	YOUNG	MICE		
FOLLOWING	EARLY	CHILDHOOD	STRESS		
JOHN	PETER	POLITES	ABSTRACT			 Chronic	pain	is	an	ever-present	issue	and	some	estimate	its	cost	to	society	at	$635	billion	per	year.	Not	only	does	chronic	pain	cause	increased	visits	to	medical	personnel,	it	also	complicates	other	medical	conditions	and	lowers	productivity	in	the	workplace.	One	area	of	study	includes	Chronic	Post	Surgical	Pain	(CPSP)	in	children	that	have	undergone	spinal	fusion	surgery	for	Adolescent	Idiopathic	Scoliosis	(AIS).	Some	of	the	major	factors	that	may	lead	to	CPSP	include	preoperative	pain,	psychosocial	factors,	age,	intraoperative	nerve	injury,	acute	postoperative	pain,	and	genetics.	In	order	to	explore	the	psychological	factors,	our	lab	has	employed	an	Unpredictable	Chronic	Mild	Stress	(UCMS)	paradigm,	which	models	unforeseen	life	stressors	and	depression.	Some	sensory	testing	was	conducted	included	Hot	Plate	and	von	Frey	fiber	testing.	Previous	studies	from	this	lab	have	shown	that	adult	male	mice	have	hyperalgesia	to	thermal	stimuli	following	a	UCMS	paradigm.	To	further	explore	this	finding,	a	younger	mice	cohort	of	both	sexes	and	a	cohort	that	underwent	Maternal	Deprivation	(MD)	were	added.	Maternal	Deprivation	is	a	model	of	early-childhood	stress	and	older	female	mice	have	been	shown	to	have	changes	in	thermal	sensitivities	as	a	result	of	early	
		 v 
childhood	stressors.	Our	lab	found	that	stressed	young	females	also	exhibit	a	heightened	sensitivity	to	thermal	stimuli	at	49°C	compared	to	their	male	and	control	counter	parts.	These	results	indicate	that	the	thermal	sensitivity	of	young	females	can	be	affected	by	early	childhood	stress	and	depression.			 	
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INTRODUCTION	
	
Chronic	Post	Surgical	Pain		 Chronic	Post	Surgical	Pain	(CPSP)	is	defined	as	pain	lasting	longer	than	2	months	following	a	procedure.	It	is	a	condition	that	has	gained	a	considerable	amount	of	attention	in	recent	years.	CPSP	was	first	mentioned	in	a	study	published	in	1998	by	Crombie	and	colleagues33.	Since	then,	a	few	more	studies	eventually	concluded	that	it	is	a	major	problem	associated	with	any	surgical	procedure29.	For	example,	in	2008	a	review	was	written	that	claimed	‘chronic	pain	is	the	most	serious	long-term	complication	of	hernia	repair	and	may	persist	for	several	years29.’	Recently,	studies	have	been	aimed	at	identifying	risk	factors	for	particular	types	of	surgeries	in	particular	populations46.		Chronic	pain	in	society	is	costly,	with	estimates	to	be	$635	billion	in	the	United	States	yearly23.		Nearly	100	million	adults	have	some	form	of	chronic	pain46	and	the	total	cost	estimate	covers	extra	physician	appointments	and	the	value	of	impaired	functionality	in	the	work	place.	In	addition,	pain	tends	to	exacerbate	comorbidities	including	poor	sleep,	depression,	and	anxiety38,	which	may	lead	to	more	complicated	treatments	for	those	conditions.		Prevention	of	CPSP	in	adults	requires	delving	into	some	of	the	causes	preceding	development.	It	has	been	shown	that	adverse	events	in	childhood	predispose	adults	to	chronic	pain	conditions34.	Some	of	these	events	include	
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parental	loss	and	surgical	procedures34.	With	approximately	6	million	children	undergoing	surgery	each	year46,	there	is	a	need	for	further	research	into	the	pediatric	special	population	aspect	of	the	problem.	Identification	of	risk	factors	could	be	the	first	step	to	tackling	the	chronic	pain	problem	in	the	U.S.		Before	further	studies	could	be	conducted,	a	standardized	definition	of	CPSP	was	required.	In	1999	a	definition	was	developed	and	adopted	by	the	International	Association	for	the	Study	of	Pain	(IASP),	which	includes	four	conditions	listed	in	Table	1.			Table	1.		CPSP	Required	Conditions.	List	of	conditions	required	for	pain	to	be	considered	CPSP.	Adapted	from	ref	number	7.		
	
	The	reasoning	behind	these	conditions	is	fairly	straightforward.	The	pain	must	be	caused	by	the	surgery	and	last	for	a	length	of	time	longer	than	what	is	considered	normal	per	that	specific	procedure.	Chronic	Post	Surgical	Pain	has	been	attributed	to	a	few	risk	factors	including	those	listed	in	Table	2.			
1. Pain must develop after a surgical procedure 
2. Pain is of at least 2 months duration 
3. Other causes for the pain have been excluded 
4. The possibility that the pain is from a pre-existing condition is 
excluded 
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Table	2.	CPSP	Risk	Factors.	List	of	risk	factors	that	may	contribute	to	the	development	of	CPSP7.		
	
	To	study	CPSP,	one	must	have	a	deeper	understanding	of	the	molecular	mechanisms	of	pain	in	the	body	and	the	mechanisms	that	lead	the	transition	from	acute	to	chronic	pain.	Any	of	the	above	risk	factors,	or	a	combination	of	several,	may	cause	a	disruption	in	development	or	function	in	the	biochemical	system	of	pain	and	pain	tolerance.	This	disruption	could	lead	to	development	of	a	chronic	pain	condition,	such	as	CPSP.			
Molecular	and	Physiological	Mechanisms	of	Pain		 The	normal	function	of	the	nociception	sensory	system	is	to	detect	noxious	stimuli	in	the	form	of	thermal,	chemical,	or	mechanical	changes	and	induce	a	protective	behavior	in	response	to	what	we	perceive	as	pain.	These	stimuli	are	sensed	in	the	peripheral	nerve	fibers	and	travel	through	several	neurons	in	the	dorsal	horn	of	the	spinal	cord,	through	the	thalamus,	and	into	the	somatosensory	
• Preoperative pain 
• Psychosocial factors 
• Age 
• Intraoperative nerve injury 
• Acute postoperative pain 
• Genetics 
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cortex	of	the	brain.	Here,	they	are	coded	and	interpreted	as	pain.	Because	of	neural	plasticity,	persistent	pain	from	such	a	stimulus	may	be	overwritten	and	alleviated	or	more	commonly,	cemented,	resulting	in	a	chronic	pain	condition51.			
	
Figure	1.	Pathways	of	nociception	signaling	in	the	human.	It	is	shown	that	pain	originates	from	the	nociceptor	and	travels	up	a	first-order	neuron	to	the	dorsal	horn	of	the	spinal	cord.	Then,	a	second-order	neuron	can	innervate	several	areas	of	the	brain	stem	or	terminate	in	the	thalamus.	Lastly,	the	signal	travels	through	a	third-order	neuron	to	the	somatosensory	cortex3.			There	are	two	types	of	neurons	that	transmit	pain	signals	to	the	brain.	One	type	is	the	medium	diameter	myelinated	Aδ	afferents	that	transmit	quick	pain	
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signals	at	about	20	m/s37.	These	afferents	are	also	subdivided	into	two	categories.	Type	I	Aδ	nerve	fibers	are	more	receptive	to	mechanosensation	and	less	sensitive	to	thermal	stimuli,	unless	the	thermal	stimulus	is	maintained.	This	can	lead	to	sensitization	after	tissue	injury.	After	sensitization,	these	fibers	will	respond	more	quickly	and	at	lower	thresholds	than	typical.	Type	II	Aδ	nociceptors	are	more	responsive	to	heat	and	are	typically	the	first	to	respond	at	temperatures	around	43°C3.	The	second	type	of	nociceptor	is	the	C	fiber,	which	is	smaller	and	un-myelinated.	These	conduct	signals	to	the	brain	at	slower	rates,	about	2	m/s37.	These	C	fibers	are	able	to	sense	both	thermal	and	mechanical	sensations.	The	thermal	sensation	is	more	applicable	to	our	research	for	pain,	however	the	mechanosensory	function	is	also	implicated	with	noxious	chemical	stimuli	such	as	capsaicin	and	histamine.		
	
Sensation	of	Heat	The	Type	II	Aδ	and	C	nerve	fibers	have	been	implicated	in	the	transmission	of	noxious	heat	signals	above	43°C14.	Studies	using	capsaicin,	a	natural	chemical	that	induces	a	burning	sensation,	have	shown	that	a	specific	type	of	nociception	receptor,	TRPV1,	is	activated	during	the	sensation	of	noxious	heat12.	This	type	of	sensation	is	measured	using	the	Hot	Plate	test.		
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Sensation	of	Mechanical	Stimuli	
	 Mechanical	stimuli	range	from	very	light	touch	to	extreme	pressure.	Aδ	and	C	nerve	fibers	are	also	important	in	the	sensation	of	noxious	mechanical	stimuli.	They	respond	to	stimuli	measured	during	the	von	Frey	hair	tests.		
Transmission	of	Stimuli	to	Somatosensory	Cortex	The	transmission	of	noxious	stimulus	to	the	brain	occurs	in	five	separate	steps	shown	in	Table	3.			
Table	3.	Pain	Sensation.	Steps	for	transmission	of	impulses	from	nociceptors	to	the	somatosensory	cortex5		
		At	the	onset	of	a	noxious	stimulus,	the	nociceptors	transform	that	stimulus	into	electrical	signals.	This	is	signal	transduction.	When	this	occurs	in	great	volume,	enough	electrical	potential	energy	is	generated	and	an	action	potential	is	produced	at	the	body	of	the	neuron.		
1. Signal Transduction  
2. Action Potential Generation 
3. Transmission of AP to the Central Nervous System (CNS) 
4. Second-order neuron activation and transmission to the Thalamus 
5. Third order neuron activation and transmission to the Somatosensory Cortex 
(SSC) where it is interpreted as pain.  
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An	action	potential	is	how	neurons	communicate	with	each	other.	Essentially	there	is	an	influx	of	sodium	that	depolarizes	and	reverses	the	membrane	potential.	Because	of	a	refractory	period	that	keeps	a	previously	reversed	area	from	reversing	again,	these	communications	can	only	travel	in	one	direction.		The	action	potential	travels	up	the	axon	to	the	terminal	bouton.	In	the	case	of	nociception,	the	terminal	bouton	sits	adjacent	to	a	second	order	neuron	in	the	dorsal	horn	of	the	spinal	cord	(in	the	CNS).	At	the	terminal	bouton,	usually	the	depolarization	opens	calcium	channels	that	help	move	secretory	vesicles	containing	glutamate	down	microtubules	towards	the	synaptic	cleft.	The	glutamate	interacts	with	postsynaptic	α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic	acid	(AMPA)	and	kainite	ionotropic	receptors	and	generates	an	excitatory	post-synaptic	current	(EPSC)3.	In	response	to	enough	EPSCs,	the	second	order	neuron	produces	an	action	potential	that	delivers	the	signal	to	the	thalamus.	This	process	occurs	again	at	the	synaptic	cleft	between	the	second	and	third	order	neuron,	where	the	signal	travels	to	the	somatosensory	cortex.	Here	it	is	interpreted	as	pain.		With	injury,	enough	glutamate	is	released	from	the	terminal	bouton	of	the	primary	nociceptor	that	it	also	activates	N-methyl-D-aspartate	(NMDA)	glutamate	receptor	ion	channels.	This	will	increase	the	influx	of	calcium	and	strengthen	the	communication	between	the	two	neurons.	This	can	increase	the	sensation	of	pain	from	noxious	stimuli	and	lead	to	persistent	pain	and	allodynia	(pain	in	response	to	normally	non-painful	stimuli)8.	
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Acute	to	Chronic	Pain	Transition	
	
Chronic	Pain	Chronic	pain	is	mostly	linked	to	an	episode	of	acute	pain,	especially	in	the	case	of	chronic	post	surgical	pain.	It	is	likely	that	chronic	pain	is	an	evolutionary	mechanism	that	developed	to	keep	the	site	of	injury	out	of	use	in	order	to	allow	the	healing	process	to	occur36.		In	addition	to	the	increased	reception	of	glutamate	at	the	NMDA	receptor	in	the	CNS,	peripheral	mechanisms	may	also	lead	to	increased	sensation	of	pain	and	allodynia.	These	changes	begin	with	an	increase	of	Cyclo-Oxygenase-2	(COX-2)	and	interleukin-1b	(IL-1b)	sensitizing	first-order	neurons.	These	neurons	then	continuously	stimulate	the	second	order	neurons	through	the	activation	of	the	NMDA	receptor51.	In	addition,	normal	inflammatory	responses	can	lead	to	the	sensitization	of	pain	receptors	in	the	periphery	after	surgery.	All	of	the	above	mentioned	processes	assist	the	transition	from	acute	injury	pain	into	a	chronic	pain	condition.			
Neuroplasticity	Neuroplasticity	is	the	term	that	describes	the	remodeling	of	the	cytoarchitecture	of	neurons.	This	is	what	causes	the	pain	to	become	persistent	even	after	injury	repair.	One	mechanism	is	the	destruction	of	the	inhibitory	neurons	at	the	level	of	the	dorsal	horn.	Because	of	the	constant	activity	of	the	nociceptor,	the	
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inhibitory	neurons	lose	viable	function	and	die	off.	Glial	cells	also	play	a	role	in	ramping	up	the	signals	from	the	nociceptors51.	Essentially	a	heightened	positive	pain	signal	and	a	dampened	inhibitory	pain	modulation	become	a	new	pathological	state.			
Risk	Factors	for	Chronic	Post	Surgical	Pain	After	a	procedure,	the	causes	for	the	transition	from	acute	to	chronic	pain	can	usually	be	categorized	into	factors	associated	with	the	patient	and	factors	that	are	associated	with	the	surgery.	Factors	that	are	associated	with	the	patient	include	preoperative	pain,	age,	psychological	factors,	and	genetics.	Factors	that	are	associated	with	the	procedure	include	intraoperative	nerve	injury	and	acute	postoperative	pain7.					
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Figure	2.	Investigated	factors	thought	to	be	involved	in	the	development	of	
CPSP.	This	figure	shows	some	of	the	factors	that	may	lead	to	a	transition	from	pre-operative	pain	to	chronic	post-surgical	pain.	The	top	lists	factors	that	are	centered	around	the	patient	and	the	bottom	shows	factors	that	rely	more	on	the	operation	itself7.		
	
Preoperative	Pain	It	has	been	shown	that	severity	of	preoperative	pain	and	the	presence	of	chronic	preoperative	pain	are	strong	predictors	of	postoperative	pain,	especially	pain	around	the	surgical	site	in	certain	surgeries7.	Moderate	to	intense	preoperative	pain	was	associated	with	postoperative	pain	with	an	odds	ratio	of	2.9613.	It	is	important	to	do	a	preoperative	questionnaire;	however,	because	many	times	preoperative	data	is	reliant	on	patient	recall	and	subjective	perceptions	of	pain	
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intensity.	To	combat	this,	a	measure	of	disability	is	often	taken	into	account	as	well	including	loss	of	days	of	work	or	school.			
Age	 It	has	been	shown	that	with	an	increase	of	age	there	is	a	decrease	in	the	susceptibility	to	developing	CPSP	following	another	procedure,	inguinal	herniopathy1.			
Psychological	Factors	It	has	been	repeatedly	shown	that	psychological	factors	such	as	anxiety,	stress,	depression,	and	catastrophizing	play	a	major	role	in	the	development	of	CPSP7,28.	In	fact,	they	may	play	a	bigger	role	than	medical	factors,	suggesting	that	presurgical	psychological	screening	should	be	used	to	determine	the	outcome	of	spinal	surgery6.	Stress	is	one	main	factor	that	has	been	shown	to	alter	pain	sensitivity	and	cause	hyperalgesia20.	In	previous	experiments	conducted	in	this	lab,	it	was	shown	that	adult	male	mice	in	the	UCMS	paradigm	group	showed	heightened	responses	to	thermal	(at	52°C)	stimuli54.	Adding	a	new	maternal	deprivation	stressor	as	well	as	exploring	sex	differences	may	produce	a	more	complete	picture	into	human	population	demographic	differences.			
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Stress	Induced	Hyperalgesia	Stress	induced	hyperalgesia	(SIH)	is	known	to	exacerbate	acute	pain	as	well	as	contribute	to	many	chronic	pain	syndromes.	It	has	been	shown	that	stress	is	a	major	comorbidity	with	many	chronic	pain	conditions	and	that	it	is	clinically	relevant30.	This	work	seeks	to	examine	this	correlation	and	to	identify	whether	identification	and	minimization	of	stress	may	alleviate	the	onset	of	post	surgical	pain	through	adolescence	into	adulthood.			
Genetics	It	has	been	shown	that	some	people	are	genetically	more	susceptible	to	CPSP	because	of	differences	in	pain	thresholds19.	Differences	in	genes	coding	for	catechol-O-methyltransferase	(COMT)	can	lead	to	differences	in	pain	sensitivity19.	In	a	study	conducted	with	myogenous	temporomandibular	joint	disorder	(TMD),	people	with	increased	COMT	enzymatic	activity	were	categorized	into	the	Low	Pain	Sensitivity	(LPS)	group.	Inhibition	of	COMT	activity	also	increased	pain	sensitivity	in	rats.		Eventually,	as	pharmacogenetic	technologies	and	strategies	become	more	widely	used,	detection	of	a	decreased	production	or	activity	of	this	or	other	pain-modulating	enzymes	may	offer	a	method	of	treatment	for	chronic	pain16.	This	may	prove	to	be	a	prominent	future	direction	for	research.		
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Intraoperative	Nerve	Injury	During	surgical	procedures	that	result	in	CPSP,	the	source	of	the	pain	can	be	identified	as	either	neuropathic	(resulting	from	direct	damage	to	the	nerves)	or	non-neuropathic.	Non-neuropathic	causes	are	usually	inflammatory	in	nature	and	result	from	such	procedures	as	inguinal	mesh	hernia	repair31.	Neuropathic	causes	are	usually	from	an	inadvertent	destruction	of	nerves	due	to	surgical	manipulation	of	the	tissues	under	operation29.	Neuropathic	pain	is	usually	suspected	after	a	loss	of	sensation	to	the	primary	affected	site	as	well	as	a	gain	of	hypersensitivity,	dysaesthesia	(an	abnormal	unpleasant	sensation),	and	allodynia	to	the	primary	and/or	secondary	sites31.		
Acute	Postoperative	Pain	Acute	postoperative	pain	has	been	shown	to	positively	correlate	with	chronic	pain7	in	multiple	types	of	surgery.	Some	of	the	most	prominent	predictors	of	acute	postoperative	pain	include	the	American	Society	of	Anesthesiologists	physical	status	classification	3	(Severe	systemic	Disease),	age,	preoperative	moderate	to	intense	pain,	chronic	pain,	high	trait-anxiety	and	depressive	mood	moderate	to	intense13.			
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Prevention	of	Chronic	Post	Surgical	Pain	Preoperative	aggressive	analgesia	has	been	shown	to	decrease	the	incidence	of	chronic	post	surgical	pain48.	Preventative	analgesia	has	been	shown	to	be	extremely	effective,	but	has	only	a	narrow	window	of	time	for	which	it	is	useful,	usually	immediately	before	and	after	nerve	injury10.	Surgeons	can	use	a	preventative	analgesia	plan	to	greatly	reduce	the	severity	and	risk	of	developing	chronic	post	surgical	pain.	In	some	cases,	use	of	perioperative	Gabapentin	and	Pregabalin	continued	postoperatively	has	been	shown	to	reduce	the	incidence	of	chronic	pain	and	patient	function	at	2	months	postoperatively15.	Another	non-treatment	option	would	be	to	modify	the	surgical	technique,	for	example,	using	a	laparoscopic	approach,	or	actively	pursuing	a	nerve-sparing	goal.				
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Figure	3.	Summary	of	recommendations	for	reducing	the	risk	of	CPSP.	This	figure	describes	some	of	the	treatment	options	for	lowering	the	incidence	of	CPSP	in	patients10.				 	
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AIMS AND IMPORTANCE 	This	research	uses	an	unpredictable	chronic	mild	stress	paradigm	to	explore	the	effect	of	stress	on	multiple	special	populations	including	females	and	children	that	have	experienced	early	childhood	trauma.	Previously,	work	in	this	lab	has	shown	that	psychosocial	factors	can	lower	the	thermal	threshold	for	pain	in	male	mice,	but	there	hasn’t	been	much	study	into	the	differences	in	gender.	A	few	human	studies	have	shown	that	females	are	more	susceptible	to	psychosocial	factors	that	could	potentially	have	an	adverse	outcome	after	spinal	fusion,	including	the	development	of	chronic	pain.	Some	of	these	conditions	include	a	lower	pre-operative	self-image	and	lower	mental	health.	This	could	mean	that	there	is	an	inherent	susceptibility	to	stress-induced	hyperalgesia	in	female	populations	due	to	psychological	factors.	This	needs	to	be	explored	more	thoroughly.		In	addition	to	exploring	differences	in	sex,	studies	on	the	effects	of	early	childhood	trauma	were	also	conducted.	Using	maternal	deprivation	as	a	model	of	an	early	childhood	stressor,	it	can	be	determined	whether	children	that	experience	such	traumatic	events	need	to	be	considered	as	having	a	heightened	susceptibility	to	developing	chronic	pain.	Early	childhood	stress	has	been	shown	to	lower	HPA-axis	activation	in	adulthood.	This	shows	that	there	is	an	obvious	developmental	issue	dealing	with	the	neural	pathways	involved	with	stress	response,	which	may	also	indicate	issues	with	hyperalgesia.		
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It	has	been	shown	that	aggressive	pre-	and	peri-operative	analgesia,	including	perineural	gabapentin	injections,	has	a	major	impact	on	lowering	the	incidence	of	the	development	of	a	chronic	pain	condition.	Identifying	a	patient	with	such	a	risk	factor	could	be	essential	to	the	prevention	of	such	a	condition.		The	overall	goal	is	to	establish	new	treatment	regimens	for	children	that	have	risk	factors	for	developing	chronic	post	surgical	pain.	With	over	6	million	children	undergoing	surgery	each	year,	the	potential	to	make	a	big	impact	is	obvious.	Studying	the	effect	of	gender	and	early	childhood	trauma	could	potentially	identify	new	indications	for	more	aggressive	preoperative	analgesic	therapy.	If	risk	factors	are	identified	early,	such	as	in	preoperative	appointments,	surgical	protocol	can	be	altered	to	take	that	risk	into	consideration.			 	
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METHODS 	Fifty-eight	young	mice	were	used,	29	male	and	29	female.	Thirty-eight	(19	males	and	19	females)	were	exposed	to	the	Unpredicted	Chronic	Mild	Stress	paradigm	conditions.	Twenty	were	controls,	10	males	and	10	females.	Mice	pups	were	born	on	August	25	and	started	on	maternal	deprivation	for	2	hours	a	day	beginning	postnatal	day	(PND)	4	and	continued	until	PND	18.	The	UCMS	paradigm	began	on	PND	28.	All	received	food	and	water	ad	libitum	(except	during	the	UCMS	protocol	that	removed	either).	Lights	were	on	from	07:00h	to	19:00h	(except	during	the	UCMS	protocol	that	called	for	overnight	illumination).	
	
Environment		
Experimental:	Mice	were	housed	in	standard	opti-cages	and	exposed	to	either	one	or	two	stressors	per	day.	They	were	allowed	food	and	water	ad	libitum,	except	when	deprivation	was	called	for	in	the	UCMS	protocol.		
Control:	The	control	mice	were	housed	under	the	same	conditions.	
	
Depression	and	Stress	Paradigms	
Unpredictable	Chronic	Mild	Stress	The	unpredictable	chronic	mild	stress	(UCMS)	paradigm	has	been	shown	to	be	a	useful	model	of	unforeseen	stressful	life	events	and	depression52.	This	model	was	
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chosen	to	try	and	mimic	typical	challenges	that	might	be	encountered	by	a	person	with	a	lower	socioeconomic	status	(SES)	throughout	early	childhood	and	adolescence.	It	has	been	shown	that	stressed	children	exhibit	hyperalgesia	to	stimuli20	and	mild	anhedonia53.	Our	question	is	whether	this	lowered	pain	tolerance	could	lead	to	a	chronic	pain	condition.		The	chronic	mild	stress	protocol	calls	for	different	stressors	each	day	for	a	few	weeks	at	random	times	to	disrupt	the	ability	to	predict	the	next	event.	A	marked	decrease	in	sucrose	intake	is	used	to	measure	whether	anhedonia	has	been	achieved.	During	the	UCMS	protocol,	von	Frey	hair	mechanosensation	tests	and	Hot	Plate	thermal	sensitivity	testing	is	conducted.	Each	of	these	tests	can	ascertain	a	change	in	sensitivity	to	pain2.	Over	twelve	weeks,	mice	underwent	one	or	two	UCMS	events	per	day.	Each	event	was	marked	in	a	calendar	and	randomized	for	order	and	time.	Stressors	were	withheld	on	days	with	sensory	testing	and	surgery	days	so	as	to	minimize	confounds.	Every	other	weekend,	UCMS	was	skipped.				
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Table	4.	UCMS	Stressors.	This	table	shows	each	of	the	stressors	conducted	during	the	UCMS	protocol.	
• Overnight Illumination: Cages were kept in an illuminated chamber overnight to 
disrupt normal sleeping cycles. 
• Food Deprivation: Food hoppers were removed from cages for 12 hours usually 
overnight.  
• Water Deprivation: Water bottles were removed from cages for 8 hours during the 
day.  
• Forced Swim: Mice were tested and recorded for 6 minutes in forced swim beakers. 
Number of times mice gave up swimming was scored.  
• Cage Tilt: Cages were left tilted at 45° for 8 hours during the day.  
• Cage Shake: Cages were shaken for 5 minutes. 
• Moist Bedding: Approximately 400ml of water was released into the bedding of the 
cages for 8 hours.  
• Cage Reduction: Spacers that reduced the size of the cage in half were put in place 
for 8 hours. 
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Figure	4.	Experimental	Timeline.	This	figure	shows	the	timeline	of	sensory	testing	and	surgery.	Purple	means	both	experimental	groups,	blue	means	group	1	and	red	means	group	2.		
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Figure	5.	Example	of	UCMS	and	sensitivity	testing	schedule.	This	figure	shows	an	example	of	the	pattern	of	scheduling	for	UCMS	and	sensitivity	testing.	Note	the	lack	of	UCMS	before	sensitivity	testing	(labeled	Von	Frey).		
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Table	5.	Schedule	of	stressors	and	sensory	testing.	This	table	shows	the	stressors	and	sensory	tests	that	were	performed	during	each	week.	Also	shows	when	surgery	was	performed.			
Maternal	Deprivation	(MD)	Maternal	deprivation	is	a	model	used	to	mimic	an	early	childhood	traumatic	or	stressful	event.	Maternal	deprivation	causes	anxiety	and	depression	as	well	as	an	increased	response	from	the	hypothalamic-pituitary-adrenal	(HPA)	axis	in	adults9.	
Week	 Stressors	 Sensory	Testing	 Surgery	1	 FD;	WD;	CS;	FS;	CT;	MB	 		 		2	 FS;	FD;	WD;	SR;	CT;	CS;	OI	 		 		3	 OI;	MB;	CT;	SR;	FD;	CS	 Von	Frey,	Hot	Plate	 		4	 FS;	FD;	WD;	OI;	CS;	FS	 Von	Frey	 		5	 SR;	OI	 		 SNI	6	 CS;	FS;	MB;	WD;	FD	 Von	Frey	 		7	 CS;	FS;	MB	 Von	Frey	 		8	 		 Von	Frey,	Hot	Plate	 		9	 CS;	FS;	CT;	FS;	FD;	WD	 		 		10	 FD;	CT;	MB;	SR	 		 		11	 FD;	WD;	CS;	FS;	CT;	MB	 		 		12	 FS;	FD;	WD;	SR;	CT;	CS;	OI	 		 			 	 	 	CS	 Cage	shaking	(1	time/cage	for	5	min)	between	9	and	5pm	(CS)	FS	 A	cold	swim	(13	±	1	C,	5	min/mouse)	between	9	and	5pm	(S)	SR	 Space	reduction	with	no	bedding	between	9am	and	5pm	-	half	of	opti-cage	divided	length	ways	(to	allow	water	and	food	access).	(SR)		WD	and	FD	 Water	deprivation	(WD)	(8	hr)	between	9am	and	5pm	followed	by	food	deprivation	(FD)	16hrs	(5pm-9am)	(WFD)		CT	 Cage	tilting	45	degrees	(8	hr/cage)	between	9am	and	5pm	(CT)	MB	 Moist	bedding	(8	hr/cage)	between	9am	and	5pm	(M)	OI	 Overnight	illumination	(12	h)	(O)	
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The	HPA	axis	is	the	primary	pathway	activated	under	stressful	situations	in	order	to	produce	a	response	that	will	maintain	life.	It	leads	to	the	eventual	release	of	cortisol	from	the	adrenal	cortex.	Up	or	down	regulation	of	this	pathway	can	determine	the	susceptibility	of	an	animal	to	react	to	stress26.	It	has	also	been	shown	that	stress	reactivity	is	passed	down	directly	from	mother	to	daughter9.			
Sensory	and	Behavioral	Testing	Several	tests	to	measure	sensitivity	to	pain	were	conducted.	These	tests	were	performed	pre	and	post	Severed	Nerve	Injury	(SNI)	surgery	at	several	time	points.	
	
Von	Frey	Testing	The	von	Frey	test	uses	a	series	of	nylon	fibers	that	are	manufactured	to	produce	a	set	amount	of	force	against	mechanoreceptors	in	the	skin.	As	the	thickness	of	the	fiber	increases,	so	does	the	amount	of	force	it	applies.	With	hypersensitivity	from	stress,	lower	pain	thresholds	are	expected.	A	typical	response	is	a	paw	licking	or	withdrawal11.	When	this	response	is	observed,	the	force	of	the	fiber	is	recorded	to	measure	the	threshold.		Von	Frey	tests	were	performed	to	determine	mechanosensation.	Mice	were	placed	into	plastic	chambers	and	allowed	to	habituate	for	half	an	hour	in	order	to	reduce	confounds	with	pain	threshold	measurements.	Following	habituation,	fibers	were	applied	to	the	ventral	side	of	the	rear	foot	(left	hind	paw	for	injured	animals)	
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in	order	of	increasing	fiber	size	(0.02-4g).	Each	fiber	was	applied	10	times	before	moving	to	a	stronger	fiber.	A	positive	response	was	recorded	when	five	or	more	trials	led	to	paw	withdrawal.	This	force	value	indicates	the	pain	threshold.	Heavier	fibers	were	then	reapplied	to	confirm	the	threshold	value.	Testing	was	performed	both	before	and	after	spared	nerve	injury	surgery.		
Hot	Plate	Hot	plate	testing	measures	the	animal’s	response	to	thermal	pain	and	sensitivity.	A	glass	cylinder	is	placed	on	a	heating	pad.	The	cylinder	is	heated	to	three	different	temperatures	and	the	amount	of	time	between	mouse	placement	and	response	is	measured.	A	typical	response	includes	a	tail	lick	and/or	a	jumping	reaction44.	Hypersensitivity	to	thermal	pain	should	mean	a	reduced	time	between	placement	and	response.	Mice	were	exposed	to	a	hot	plate	and	the	time	for	the	onset	of	paw	licking	to	occur	was	measured.	A	maximum	time	of	20	seconds	was	allowed	to	prevent	permanent	tissue	destruction.		
Elevated	Plus	Maze	The	elevated	plus	maze	measures	anxiety	in	mice.	A	large	cross	is	elevated	above	the	floor	with	four	arms.	Two	of	the	arms	are	enclosed	with	walls	and	two	are	open.	A	mouse	is	placed	in	the	center	of	the	maze	and	is	timed	at	each	position,	either:	in	the	open	arm,	in	the	closed	arm,	and	in	the	center.	Mice	aren’t	partial	to	
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open	areas	and	an	increase	in	anxiety	will	shift	the	amount	of	time	spent	on	the	maze	into	the	closed	arms41.		
Surgery	
Spared	Nerve	Injury	Surgery	A	spared	nerve	injury	surgery	was	performed	on	all	mice	(n=58)	on	the	fifth	week	of	the	UCMS	protocol.	Mice	were	placed	under	anesthesia	(Isoflurane	3.5%	to	induce,	1.5%	to	maintain)	and	an	incision	on	the	lateral	side	of	the	left	thigh	was	made.	The	biceps	femoris	muscle	was	bifurcated	in	order	to	expose	the	sciatic	nerve	and	its	three	terminal	branches:	the	sural,	common	peroneal,	and	tibial	nerves	(Figure	6).	The	peroneal	and	tibial	nerves	were	ligated	using	6-0	silk	sutures	and	axotomy	was	performed	distally,	removing	approximately	2-4mm	of	the	distal	nerve	stump.	Leaving	the	sural	nerve	intact	was	a	main	goal	of	the	procedure.	Mice	were	returned	into	a	clean	home	cage	and	following	recovery	from	anesthesia,	placed	back	in	the	normal	housing	room.	The	animals	were	allowed	to	recover	for	3	days	before	Von	Frey	testing	was	performed	on	Post	Surgery	Day	(PSD)	3,	7,	14,	and	21.		
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Figure	6.	Spared	Nerve	Injury	procedure.	This	procedure	ligates	the	tibial	and	peroneal	nerves	after	they	bifurcate	from	the	sciatic	nerve.	The	sural	nerve	is	spared	and	innervates	the	lateral	paw	(indicated	by	the	green	area	on	the	right)21.	
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RESULTS 	
Hot	Plate	Sensitivity	Testing	Each	group	of	mice	underwent	sensitivity	testing	and	the	results	were	split	up	by	temperature.	Testing	was	performed	at	two	time	points,	before	and	after	Spared	Nerve	Injury	surgery.	Although	the	experimental	groups	were	of	mixed	sexes	during	experimentation,	the	group	data	was	split	up	by	sex	and	by	treatment	(UCMS	and	controls)	for	analysis.		The	aim	of	our	project	was	to	identify	if	early	childhood	stress	would	increase	the	rate	of	chronic	pain	development	in	a	demographic	of	child	patients	undergoing	spinal	fusion	surgery.	It	is	apparent	that	young	stressed	females	are	more	sensitive	to	thermal	stimuli,	suggesting	they	may	be	at	risk.				
49°C	In	order	to	determine	whether	stress	had	an	effect	on	postoperative	temperature	sensitivity,	a	one-way	repeated	measures	Analysis	of	Variance	(ANOVA)	between	sex	and	groups	(UCMS	vs	controls)	was	conducted.	There	is	a	significant	main	effect	for	time,	indicating	that	pain	sensitivity	increased	postoperatively.	There	was	also	no	interaction,	meaning	no	specific	group’s	sensitivity	increased	significantly	more	than	any	of	the	others.		Further,	a	post-hoc	Tukey	test	to	determine	differences	between	the	groups	at	specific	time	points	was	performed	and	a	few	were	identified.	First,	male	controls	
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spent	significantly	more	time	than	female	stress	groups	on	the	hotplate	(p=0.01)	indicating	less	sensitivity.	Second,	female	control	mice	spent	more	time	on	the	hotplate	than	female	stress	mice	(p=0.004).	Third,	stressed	male	mice	spent	more	time	than	stressed	female	mice	on	the	hotplate	(p=0.017).	In	all,	female	mice	exposed	to	maternal	fetal	separation	and	an	unpredictable	chronic	mild	stress	paradigm	spent	the	least	amount	of	time	on	the	hotplate	indicating	the	greatest	sensitivity	before	and	after	surgery.	This	is	our	finding	with	the	greatest	impact.			
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Figure	7.	Time	for	paw	withdrawal	sign	at	49°C.	This	figure	indicates	the	time	for	paw	withdrawal	sign	(Estimated	Marginal	Means)	at	49°C	at	both	pre-SNI	and	post-SNI	time	points.			
52°C		The	same	sensitivity	test	was	performed	at	52°C.	A	one-way	repeated	measures	ANOVA	was	conducted	using	group	and	sex	as	the	variables.	This	analysis	showed	no	significant	effect	or	interaction.	Whether	the	group	received	stress	or	
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consisted	of	males	or	females	made	no	difference	in	pain	sensitivity	at	this	temperature.		
	
Figure	8.	Time	for	Paw	Withdrawal	at	52°C.	This	figure	shows	average	times	paw	withdrawal	sign	(Estimated	Marginal	Means)	at	52°C	at	both	pre-SNI	and	post-SNI	time	points.			
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55°C	A	one-way	repeated	measures	ANOVA	was	conducted	using	group	and	sex	as	variables.	This	analysis	shows	that	there	is	a	significant	main	effect	for	pre-SNI	versus	post-SNI,	but	no	interaction.	Further,	a	post-hoc	Tukey	analysis	between	groups	was	also	performed	and	several	differences	were	discovered.	Non-stressed	males	spent	less	time	on	the	hotplate	than	non-stressed	females	(p=0.032).	Stressed	males	also	spent	less	time	on	the	hotplate	than	non-stressed	females	(p<0.001).	In	addition,	stressed	females	spent	less	time	on	the	hotplate	than	non-stressed	females	(p=0.036).	According	to	the	statistical	analysis	conducted	between	groups	at	55°C	pre-SNI,	non-stressed	females	spent	more	time	on	the	hotplate	than	stressed	males	(p=0.003).	At	55°C	post-SNI,	non-stressed	females	spent	more	time	on	the	hotplate	than	stressed	males	(p=0.001).		
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Figure	9.	Time	for	Paw	Withdrawal	at	55°C.	This	figure	shows	the	average	time	for	paw	withdrawal	sign	(Estimated	Marginal	Means)	at	55°C	at	both	pre-SNI	and	post-SNI	time	points.		
	
Von	Frey	Test	Hair		 In	addition	to	measurements	of	thermal	sensitivity,	mechanosensation	was	tested	with	Von	Frey	test	fibers.	However,	no	significant	difference	between	groups	was	identified.			 	
	 34 
DISCUSSION 	
Hot	Plate	This	study	evaluates	the	role	of	environmental	and	psychological	factors	on	pain	sensitivity	differences	between	young	male	and	female	mice	that	have	undergone	maternal	deprivation.	Generally,	at	lower	hot	plate	temperatures	young	females	that	have	undergone	maternal	deprivation	and	chronic	mild	stress	continuously	show	heightened	sensitivity.	However,	at	higher	temperatures,	stress	seems	to	overshadow	sex	in	sensitivity	differences.		At	49°C,	there	is	a	general	trend	towards	becoming	more	sensitive	to	thermal	stimuli	at	the	post-SNI	time	point.	There	is	a	main	effect	for	time,	but	no	interaction.	This	means	that	all	groups	exhibit	a	quicker	withdrawal	sign	after	the	spared	nerve	injury	procedure,	but	no	group	becomes	significantly	more	sensitive.	This	was	expected,	as	Crettaz	et	al	showed	that	experimental	stress	produced	a	hypersensitivity	to	thermal	stimuli17.	The	most	prominent	novel	finding	in	the	present	work	is	that	young	female	stressed	mice	show	the	quickest	responses	at	all	times	and	are	the	most	sensitive	to	thermal	stimuli.	In	adults,	maternal	deprivation	has	been	shown	to	enhance	post	nerve-injury	thermal	sensitivity40.	However,	not	much	research	has	been	conducted	to	evaluate	a	younger	age	group.	These	findings	suggest	additional	exploration	into	this	difference	may	be	necessary.		
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At	52°C,	there	was	no	significant	effect	or	interaction	of	the	groups.	The	stressed	mice	showed	no	real	difference	in	sensitivity	than	the	control	groups.		At	55°C,	there	was	a	main	effect	for	time	but	no	interaction.	At	this	temperature,	it	was	interesting	to	note	that	stress	starts	to	show	a	more	prominent	effect	over	sex.	Male	and	female	stress	groups	both	are	more	sensitive	than	female	controls.			
Female	Susceptibility	to	Pain	
Males	vs.	Females	Previous	studies	from	this	lab	have	focused	on	the	incidence	of	unpredictable	chronic	mild	stress	and	pain	thresholds	in	male	mice	only.	It	has	been	shown	that	females	who	undergo	spinal	fusion	surgery	for	Adolescent	Idiopathic	Scoliosis	have	worse	preoperative	self-image,	worse	pain	at	2	years	postoperatively,	and	worse	mental	health45.	This	is	a	very	important	phenomenon	to	look	into.	This	differentiation	of	sex	and	psychological	factors	could	mean	that	a	new	treatment	schedule	needs	to	be	implemented	in	order	to	lessen	pain	after	spinal	fusion	surgery	for	females.	The	current	study	is	the	first	to	look	at	sex	differences	in	young	mice.	Most	other	studies	look	into	the	effect	of	early	life	stressors	on	adult	populations30.	It	is	also	important	to	investigate	the	effect	on	developing	adolescents.	Both	early	life	stressors	and	acute	adolescent	trauma	may	lead	to	chronic	post	surgical	pain	later	
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in	life.	Therefore,	learning	how	to	effectively	manage	acute	trauma	in	adolescents	that	have	undergone	early	life	stressors	may	significantly	cut	the	development	of	CPSP	in	adults.		The	most	important	finding	from	this	study	is	that	at	49°C,	stressed	female	mice	have	a	significantly	shorter	paw	withdrawal	time	than	either	stressed	males	or	either	sex	control	groups.	This	shows	a	hypersensitivity	to	thermal	stimuli	and	indicates	a	potential	lower	thermal	pain	threshold.	This	could	point	to	a	potential	population	subset	that	is	at	risk	for	developing	Chronic	Post	Surgical	Pain.	Previous	studies	have	shown	that	adult	male	UCMS	mice	had	heightened	sensitivity	and	a	lower	pain	threshold.	It	is	interesting	to	see	that	sex,	age,	and	maternal	deprivation	may	compound	these	results.	The	overall	goal	of	this	study	is	to	minimize	the	development	of	chronic	post	surgical	pain	in	all	demographic	subsets	of	the	population.	The	present	results	suggest	that	using	a	human	model	to	continue	research	into	differences	caused	by	sex,	age,	and	early	life	stressful	events	may	be	warranted.	The	use	of	this	information	may	be	an	indication	for	more	thorough	spinal	fusion	preoperative	care	and	pain	management	for	those	subsets	at	higher	risk	for	developing	CPSP.			
Future	Directions	Other	studies	have	shown	that	sex	differences	in	adult	mice	that	have	experienced	an	early	life	stressor	may	derive	from	differences	in	the	levels	of	brain-
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derived	neurotrophic	factor	(BDNF).	BDNF	is	a	protein	that	supports	existing	neuron	survival	as	well	as	encourages	the	growth	and	differentiation	of	new	forming	neurons.	These	sex	differences	also	manifest	in	depressive	and	anxiolytic	behaviors	in	adults39.	Stressed	female	mice	exhibit	decreased	BDNF	levels,	which	may	also	play	a	role	in	their	heightened	thermal	sensitivities.	Adding	a	postmortem	evaluation	of	BDNF	levels	may	indicate	causation	for	hyperalgesia	and	behavioral	differences	in	younger	mice	as	well.		In	addition	to	conducting	research	using	animal	models,	ongoing	studies	involve	Quantitative	Sensory	Testing	(QST)	on	adolescent	patients	undergoing	spinal	bracing	and	spinal	fusion	surgery	for	Adolescent	Idiopathic	Scoliosis	(AIS).	QST	has	both	mechanical	and	thermal	measures.	Currently,	this	data	is	being	used	to	examine	the	effects	of	sociological	factors.	Conducting	a	cross	sectional	study	to	determine	whether	age	or	sex	plays	a	role	in	inherent	thermal	sensitivities,	as	well	as	changes	pre	and	post	surgery,	could	also	prove	to	be	extremely	beneficial.	These	thermal	sensitivities	may	predict	the	development	of	chronic	pain	conditions.		Well-being	tests,	including	social	interaction	and	hole	board	experiments,	were	performed	on	our	previous	adult	male	mice.	It	will	be	interesting	to	see	the	results	from	the	same	tests	on	our	current	cohort	including	young	and	female	mice.		Additionally,	future	directions	include	determining	genetic	and	epigenetic	component	to	hyperalgesia	and	lower	pain	thresholds.	Modulating	factors	for	many	common	conditions	are	generally	divided	into	environmental,	genetic,	and	
	 38 
epigenetic.	Identification	of	genes	or	factors	that	contribute	to	modulated	gene	expression	that	leave	an	individual	more	susceptible	to	developing	chronic	post	surgical	pain	is	paramount.		Although	currently	it	may	be	too	costly	to	include	a	genetic	marker	examination	before	each	spinal	fusion	surgery,	soon	a	genetic	profile	may	be	taken	for	each	patient	during	a	normal	physical	examination.	If	certain	genes	are	identified	that	indicate	lower	pain	thresholds,	precautions	can	be	taken	to	minimize	this	effect	on	the	development	of	CPSP.			
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